A cubic structure of polymer colloid complexes is studied. The technique of the research includes i) an analysis of well-known literature SAXS data; on this basis, ii) constructing a simple model to estimate geometric structure parameters and to obtain a simulated scattering curve; and iii) comparing the model with the real structure obtained from the SAXS data, using the reconstruction of electron density distribution. A bicontinuous structure in cubic mesophases is formed.
Introduction
Supramolecular chemistry and molecular engineering are regarded as the main directions of modern material science [1] . Self-assembly and self-organizing processes of supramolecular nanostructures are extensively used in creation of new materials sensitive to various external influences such as changes of temperature, pressure, electrical or magnetic field, chemical environment, etc [2] [3] [4] [5] [6] . Molecular recognition of (bio-) polymer fragments, their ordering, and self-assembly result in spontaneous formation of functional supramolecular structures, owing to weak non-covalent interactions such as van der Waals and electrostatic forces, hydrogen bonding or hydrophobic interactions. Frequently one can observe that the variety of forms of supramolecular objects is mainly defined by shapes of ele-mentary units [7] .
However, the form of a self-organizing supramolecular structure and lattice types depend not only on the chemical nature but also on external conditions. For example, in extensively investigated lyotropic systems (aqueous surfactant solutions), despite the complex character of the temperature-concentration phase diagrams [8, 9] , the following basic transitions with increasing surfactant concentration are possible:
where I is isotropic liquid, CP is a cubic phase, as an example, of Pm3n symmetry [8] , HEX is a hexagonal phase, LAM is a lamellar phase. CP of Ia3d symmetry can exist in some temperature and concentration range between HEX and LAM [8] ; under certain conditions bicontinuous structures of cubic symmetry, limited by (saddle) surfaces of zero average curvature and negative Gauss curvature, may become stable [8, 10] .
Previous experimental research on polymer colloid complexes (PCC), consisting of a linear or network polyelectrolyte, an oppositely charged surfactant and water, has resulted in the following observations: Various three-dimensional (3D) mesophases, such as face centered cubic (FCC) [11] , primitive cubic (PC) [12] , and cubic [13] can be obtained in a polyelectrolyte sample, which has no regular structure originally, after the interaction with surfactants. The change of the water content causes the reversible transition HEX ↔ LAM [14] , observable directly during experimental studies of one sample, whereas the transition CP to HEX, due to the formation of the complex between a cationic gel and sodium alkyl sulfates [13] , takes place in different samples, with increasing length of the hydrophobic surfactant residue measured in the number of CH 2 groups from 10 to 12 and more.
Various one-, two-dimensional (2D) and 3D mesophases have been found and investigated by structural methods in thermotropic and lyotropic materials: biopolymers [8] , dendrimers [15] [16] [17] [18] [19] , block copolymers and their blends [20] [21] [22] [23] [24] [25] , and PCC of linear and network polyelectrolytes with oppositely charged surfactants. The pioneer work [26] by A.T. Dembo and his colleagues has stimulated subsequent extensive structural research on PCCs [11] [12] [13] [14] [27] [28] [29] [30] [31] [32] [33] [34] [35] . As a result of all these studies, new nanostructures that had not been described earlier for the given types of materials have been revealed. Among these were the bicontinuous double diamond (Pn3m symmetry), perforated lamellar layer, double gyroid (Ia3d symmetry) structures, etc. The case of PCC is also attractive for the following reason. It is possible to embed metal ions in the complexes. After subsequent reduction of the ions, metal nanoparticles with a defined size distribution will form in these materials [32] [33] [34] [35] . This opens new possibilities for regulating the catalytic activity of metals.
It could be expected that the self-organizing processes are typical not only for biopolymers but for synthetic macromolecules containing elements of the required shape. The compounds having tapered fragments in a lateral chain and simulating the self-assembly of tobacco mosaic virus have been synthesized on the basis of derivatives of gallic acid in the laboratory headed by Prof. V. Percec [36] [37] [38] . Research on these materials has been carried out since the early 1990s [39, 40] . It has been revealed that some compounds self-assemble in supramolecular cylinders that are organized in either a 2D ordered liquid crystal (LC) column phase or a disordered one. By increasing the number of aliphatic tails or by their partial fluorination, 3D mesophases are formed [16] . The transition from the disordered 2D hexagonal to 3D cubic mesophase of the Ia3d space group occurs in partially fluorinated samples of a macromonomer [41] .
There are two basic approaches to the analysis of LC states. The first one is usually utilized by experts in area of WAXS and SAXS methods. They try to explain the ratios of intensities of reflections in thermotropic and lyotropic LCs, and the form of SAXS maxima. For example, when one studies a hexagonal phase, the structure of the LC state can be supposed [42] to be represented as cylinders of a radius R 1 surrounded by a hydrophobic shell from aliphatic residues (for the case of surfactant/water) with a thickness h = R 2 − R 1 . Then the intensity of X-ray scattering, I(s), proportional to the second power of the structure factor F (s) is expressed by the formula obtained by Oster and Riley in 1952 [42] 
Here, ∆ρ is the difference of densities between the cylinder and the shell,
and 2θ are the wave vector and the scattering angle, respectively [43] ; λ is the wavelength; J 1 is the Bessel function.
Applicable only to the case of a well-distinguishable domain structure, concrete applications of similar concepts are used by various authors [8, 11, 15, 16] .
The second approach in many respects complementary to the first is based on the fluctuation theory. By minimizing the Landau free energy functional [44, 45] 
on amplitudes and angles of a density fluctuation wave (ψ ∼ ∆ρ exp (ιsr )) [46, 47] one can find conditions of stability for phases of either symmetry, points at which the transition from one phase to another can be observed, etc. Among the basic results obtained by a given method are the following, if a 4 does not depend on the angles between the wave vectors of the density fluctuations: 1) Even the equality to zero of the parameter a 3 in the third-degree term of the polynomial, free-energy expansion in 3D space results in the isotropic -LC transition being 1st order, according to the Landau theory, however, it should be 2nd order; 2) this transition can occur with a very low latent heat as a sequence of transitions I -BCC -HEX -LAM where BCC is the body-centered cubic phase; 3) the direct transition I -LAM is possible; 4) other phases, such as orthorhombic or icosahedral, are metastable. It should be noted that the cascade of transitions I -BCC -FCC was obtained in frameworks of the weak crystallization theory by Kirgnits and Nepomnyashchii in 1970 [47] . The theory of microphase separation in heteropolymers (block copolymers) was developed in refs. [48] [49] [50] . Now the approach involved is advanced for many cases [51, 52] , though it is restricted to the requirement of a small density-fluctuation wave amplitude, in order for the expansion (3) to be correct. Other theoretical methods are often unsuitable for a description of polymer systems owing to the large relaxation times. (See review [51] and references in it.)
The aim of the present article is to analyze the PCC structure by experiment, theory, and computer simulation, and to discuss the formation of bicontinuous structures in cubic mesophases. As we suppose, the bicontinuous structures appear in the vicinity of the Lifshitz point. At this point the following structures can coexist [45] : spatially-modulated ordered, uniformly ordered, and disordered. The reciprocal intensity of neutron scattering becomes a linear function of the fourth power of the wave vector. Research on LCs, magnets, polyelectrolytes, and block copolymer systems [53] [54] [55] [56] has demonstrated the important role of fluctuations near the Lifshitz point. Recent studies have confirmed this conclusion. Critical exponents have been estimated by the analytical method of ε-expansion [57] and by the numerical Monte Carlo technique [58] . The exponents differ from the mean-field values. Note that although the authors of paper [56] have obtained the mean-field exponents, their experimental phase diagram is different from the one predicted by the mean-field theory. Thus, apparently, some fluctuation corrections are necessary.
The nature of X-ray scattering by PCCs has been established previously [26] . The authors have proved that their PCCs are composed of a set of charged lamellae of surfactant ions embedded in an oppositely charged network via electrostatic interactions. The hydrophobic interactions between aliphatic chains of surfactant are also important. Subsequent investigations have confirmed these conclusions [12] [13] [14] [27] [28] [29] . It should be underlined that, although the scattering by PCCs is registered with SAXS diffractometers, the similar supramolecular structures are analyzed by the usual diffraction methods [8, [16] [17] [18] , not excepting some peculiarities inherent in low-molecular weight crystals [19, 43] .
Two main parameters, mentioned above, influence the structure of PCCs and change the type of lattice: water content in complexes and the length of aliphatic tails of surfactant. The role of the chemical nature of ions is complex and is not investigated enough in present. Some increase in the d-spacing of lamellar structures upon melting dry complexes has been reported earlier [26] . Unfortunately, there are no temperature-water content phase diagrams for PCCs. Other influences seem to be less important or more difficult to quantitatively study. The d-spacing generally increases with increasing water content [14] or the number of carbon atoms in the surfactant alkyl chain [13, 26, 27] , and also with decreasing charge content in polymer chains [13] . Decreasing the charge content results in disordering the PCC structure [13] whereas in solutions of high ionic strength and significant excess of surfactant molecules in the external solution, highly ordered PCCs can be formed [30] .
In the present paper, on the basis of analysis of SAXS data literature [13, 32] , two kinds of PCCs have been studied: a complex of the anionic gel of poly(methacrylic acid) with the cationic surfactant cetylpyridinium chloride (PMA/CPC) and a complex of the cationic gel of poly(diallyldimethylammonium chloride) with the anionic surfactant sodium decylsulfate (PDADMACL/DS). Techniques of preparing the complexes, their chemical structure, and different physical, chemical, and structural parameters can be found in other papers [13, 32] . After the desmearing correction for the height of the receiving slit, as we suppose, the PMA/CPC exhibits the cubic LC mesophase of the Pm3n space group, while the PDADMACL/DS can be certainly attributed to this symmetry. The paracrystalline disorder [43] has been introduced to explain the absence of higherorder reflections in the samples of PMA/CPC, and to calculate the scattering curve. The simplest model has been suggested to estimate some geometric characteristics of these complexes. This model has been used twice more: 1) The electron density distribution maps obtained from experimental SAXS data have been compared with original assumptions of the model; and 2) the direct 1st order phase transitions from I to PC, FCC, or BCC are possible as shown theoretically [47] . Our model connects these results with the data obtained by the reconstruction of electron density distribution.
Experimental and calculation methods

3D mesophases
In various materials SAXS curves possess a system of narrow diffraction peaks [8, 12, 13, 16] . Sometimes [12, 13, 16] , the positions of the most intense maxima are in the ratio of square roots of 4, 5, and 6 ( Figure 1 ). Microscopic research shows no birefringence. Therefore, the systems have a cubic symmetry ‡ . For the same reasons the PMA/CPC structure [32] should be referred to as CP.
Construction of the model and determination of the space group
As seen from SAXS curves [12, 13, 16, 32] or from the values of structure factors [8] , sometimes it is very difficult to distinguish the first orders of reflections, such as (100), (110), or (111). Let us consider the BCC lattice. BCC has an advantage over FCC and diamond lattices since, in the latter cases, the two maxima (100), (110) or one maximum (111) have to remain from the first six reflections, whereas in the former case only three (100), (111), and (210) must be absent [43] . However, for BCC the peak (110) has significant intensity and there is no (210) reflection, the strongest one from those presented in Figure 1 . Some possibilities remain to determine the site positions that result in an agreement with experimental data. To do this it is necessary to introduce a vector ‡ Not all 3D mesophases are cubic (e. g. R3m mesh phase). Furthermore, the P 4 2 /mnm phase [18] and dodecagonal, icosahedral, etc. quasicrystals can have no detectable birefringence.
field. Otherwise we shall not be capable of either estimating geometric characteristics of the complexes or comparing our results with theoretical predictions. Let us enter a vector directed along the hydrophobic surfactant residue to the polar fragment of the complex. Let us take a small cube whose edge has a size much smaller than the parameter of the unit cell. Then we shall fill the cube as densely as possible by repeated gel units, together with surfactant counterions. It is clear that owing to a large difference in the energy of interaction between polar and non-polar parts of the complex, the following state can appear. The hydrophobic surfactant residues will situate parallel to four opposite in pairs faces of the small cube and perpendicular to the fifth one whereas the sixth face will become hydrophilic. This face is hatched in Figure 2 . Thus, we have introduced the vector field not only for one ionic pair (IP) but for several IPs occupying a certain volume (Figure 2a) . Note that the real IPs are formed in a poor polar medium [52] . Here and below we use the abbreviation IP to distinguish the well-organized regular structure of the complexes from the disordered one of swelling charged networks and weak surfactant solutions.
The vector field has the lowest symmetry, two mutually perpendicular rotary axes of the 1st order belonging to, for example, the polar plane. Therefore, it cannot be found in those sites with a higher symmetry lattice that are situated in special positions of the space group of the lattice. Consequently, it is necessary to assume that the non-polar face of the small cube should be pasted to the non-polar face of another similar cube. In this particular system there are already two mutually perpendicular 2-fold axes (Figure 2b) . The square prism, obtained by pasting these two cubes together, can go out on the face of the unit cell by one lateral surface (Figure 2c ). The number of prisms will be equal to 4 per face. Some lattice sites of the Pm3n space group that are in the special positions c or d [59] are on the prisms. One can see that the symmetry of the sites does not break under the present construction ( Figure 2 ). As usual, the Pm3n space group is chosen instead of the less symmetric but also possible P 43n group. The rest of the volume will be filled by "spherical" micelles and surfaces of bicontinuous structure (see below).
Technique of calculations
The quantitative evaluations of the number of structural elements or IPs and geometric characteristics of the PCC are obtained for one molar composition (PMA/CPC -1:1 [32] ), with a molecular weight µ = 564 g mol −1 , corresponding to 50wt% water content, and with an average density ρ = 1.2 g cm −3 , taking into account the proposed scheme ( Figure   2 ). The density value is approximate and is chosen from the experimental fact that the sample sinks in water. The real magnitudes, apparently, will not significantly differ from the calculated, and all the corrections (variations of molar composition, water content, and density provided the absence of jump-like structural changes) are introduced elementary. We have neglected errors connected with a non-homogeneous distribution of water over a gel body [14] , and also with a possible non-stoichiometric structure of similar complexes [30, 31] . All these assumptions have also been used for the PCC of PDADMACL/DS [13] . Let us estimate the geometric characteristics for the model (Figure 2 ). The number of structural elements or IPs, N , is equal
where v = a 3 is the volume of the unit cell, which is a cube with the edge a, ρ is the sample density, N A is the Avogadro number, and µ is the molecular weight of the structural element. The aggregation number of "spherical" micelles, N s , located at the corners and the center of the unit cell or in the special positions a [59] , is approximately
if we assume that their radius is equal to l≈0.25a (Figures 2, 3 ). Then
is the number of IPs belonging to some small cube with an edge of lengthl. As its volume is equal to l 3 , the interface surface area per one hydrophobic radical, S, is
Our assumptions are the following. The length of the aliphatic residue, together with the thickness of the polymer gel branch and the polar fragment of the complex, is equal to l≈0.25a (Table 1 ). Some differences between these two parameters in the studied complexes and similar parameters obtained for the lamellar phase of aqueous solutions of cetyl trimethylammonium bromide and sodium dodecylsulfate [42] are reasonable. The total number of small cubes belonging to one face is 8 and, consequently, the total number of these structures in the unit cell, N ns , is
where 6 is the number of faces of the unit cell, and we have used (6) . These structures consisting of the 4 square prisms are named "non-spherical" micelles (Table 1) . Subtracting N ns from N and then from the obtained difference 2N s (2 is the number of "spherical" micelles per the unit cell) we find by using (5) and (8) that some number of IPs, N bs ,
belongs, as we suppose, to a bicontinuous structure. In Figure 2e this structure is represented as one possible conical surfaces section by the (400) plane. Eight vertices of these cones occupy the special positions e [59] . These cones are tangent to "spherical" micelles and divide the cubic lattice into 2 parts.
All the original and calculated data are presented in Table 1 . In order to obtain the simulated SAXS curve (Figure 1b) , we have used the expression for a convolution
of the functions Σ(s), the Fourier transform of the form factor (the lattice has been supposed cubic with the number of sites, M 3 , equal to 10×10×10). Z(s) is the function that takes into account the paracrystalline distortions [43] . F is the structure factor s hkl = 2π(h 2 + k 2 + l 2 ) 1/2 /a, whereasais the parameter of the unit cell. Z(s) transforms to the Hosemann function [43] for the (100) reflection, and ∆ is the parameter measuring the value of the lattice distortions. The number of lattice sites corresponds approximately to experimental estimations [13, 26, 28] . The parameter ∆ has been chosen to achieve an agreement with Figure 1a . The structure factor has been calculated in accordance with conventional diffraction methods [43] for the simplest lattice: There are 2 sites in the center and one corner of the unit cell, that is, in the special positions a, and there are 6 ones in the special positions c or d [59] . A more complex model, such as in ref. [8] , is necessary to simulate the curve of PDADMACL/DS [13] .
The maps of electron density distribution ( Figure 3 ) are calculated from experimental curves (Figure 1a , [13] ) corrected by the Lorentz and multiplicity factors under the formula ∆ρg hkl (±)|F hkl | cos(2πhx) cos(2πky) cos (2πlz) which is applicable for the centrosymmetric lattice [16, 43] . |F hkl | is the modulus of the structure factor. A combination of phases is selected "-+ --" for the reflections (200), (210), (120), and (211), respectively, taking into consideration the initial hypothesis ( Figure 2) and results of previous research [16, 60] . Here "+" corresponds to the phase (hkl) equal to 0 and "-" stands for the phase equal to π.
To check our methods, the results of [13] are used, since some additional reflections are observed in the PCC of PDADMACL/DS. The phase set "-+ + + -+ -+ + + --+" is chosen for the reflections (110), (220) (241), respectively. The phase set does not significantly change the electron density distribution maps obtained by the abovementioned phase combination. The first and second sets are applied to reconstruct the electron density from SAXS data.
, (310), (130), (222), (320), (230), (321), (231), (410), (140), (421), and
We have used the customary technique of curve resolution [43] . For this the experimental curve in [13] was used, while making the preliminary desmearing correction of the SAXS curve using [32] .
Results and discussion
From the curve presented in Figure 1a , one can see that, after the desmearing correction for the height of the receiving slit, a broad maximum [32] is divided into three narrow peaks, whose positions are in the ratio of the square roots of 4, 5, and 6 ( Table 2 ). This allows us to consider the unit cell as cubic with an edge a = 10.4 nm [43] . The wave vector is determined from formula (2) , and the wavelength is 0.1542 nm. Analogous curves have been obtained earlier [8, 12, 16] . The cubic mesophase of Pm3n symmetry can exhibit such scattering [8, 16, 60] .
The corrected curve (Figure 1a ) is similar to the simulated curve in Figure 1b , especially in the range of wave vectors where the principal maxima are located. All differences between the calculated and experimental curves can be attributed to the suggested model (Figure 2 ). Apparently it is also necessary to take into account paracrystalline distortions more accurately. The following assumptions have been made: There are two sites with a decreased electron density in the center and one corner of the unit cell, that is, in the special positions a, and there are six sites in the special positions c or d [59] . The paracrystalline disorder is introduced to neglect the scattering at higher values of the wave vector. But even from this simplest model one can draw a conclusion that the "spherical" and "non-spherical" micelles give the main contribution to X-ray scattering.
Contour maps of the electron density distribution (Figure 3) , calculated from the experimental curves (Figure 1a , [13] ), show that the initial model ( Figure 2 ) is a rough approximation. This is due to a mutual influence among the "non-spherical" micelles, which are situated on bisectors of mutually perpendicular faces of the unit cell, that is, in the special positions c or d [59] they are deformed. Their form differs from the one of a prism and there is a layer of intermediate density inside them. The "spherical" micelles are also deformed. Some discussion on this question can be found elsewhere [16] . Nevertheless, using the model (Figure 2) we have evaluated the IP content in the structures mentioned above and the size of these structures in the complexes.
Since the z = 0.25 map in Figure 3 indicates the existence of regions with increased electron density close to the (0.25, 0.25, 0.25) point and its equivalents (special positions e [59] ), it is necessary to assume that, according to our model (Figure 2) , the IPs belong to the bicontinuous structure. As shown in [16] the signs of electron density in the special positions a and e are opposite. This is a confirmation of our results, which are unusual since in this case the hydrophobic surfactant tails can contact the polar shell of the "spherical" micelles. As a result, the free energy of the structures must increase.
Let us consider the case of the PMA/CPC complex as an example. The estimations for the PDADMACL/DS complex are calculated analogously. For the bicontinuous structure, one direction can have 3.6 ∼ = 172/8/6 of IPs (Table 1) where 8 is the number of corners and 6 is the amount of various directions equal to the double space dimension. By dividing the N ns by 6 we find that 180.1 ∼ = 1080.6/6 of IPs belong to one "non-spherical" micelle. Taking into account that 180.1 > N s , it is possible to suppose that the "non-spherical" micelles are energetically more favorable than the "spherical".
By analyzing the results (Figure 3 ), one can write the free energy sensing the structure, ω, as follows:
where 2, 6 and 8, respectively, are the number of "spherical" micelles, "non-spherical" micelles, and "knots" of bicontinuous structure per unit cell, and f, f 1 , and f 2 are the free energies of these structures. The authors of [47] have really shown that the direct 1st order transitions I -PC, I -FCC or I -BCC are possible. The cubic phases are absolutely stable, depending on relations between the 4th degree structural correlators, if the latter are functions of angles between the wave vectors of density fluctuations. The energy of cubic phases is counted from the level of LAM and the parameter a 3 in the functional (3) can be set to zero. However, the recent revealed thermotropic transition from CP to new tetragonal 3D mesophase [18] obliges to develop the theory in future.
Conclusions
The simple hypothesis (Figure 2 ) permits us not only to design the model applicable for the simulation of the scattering curve (Figure 1b (Table  1) can be easily estimated by the present model (Figure 2 ). The combination of the experimental methods, together with computer simulations, is the base which enables us to obtain the results and to achieve an uniform description for the different systems. Figure 1a) ; ais the parameter of the unit cell. 
